While introductions and supplementations using non-native and potentially domesticated individuals may have dramatic evolutionary effects on wild populations, few studies documented the evolution of genetic diversity and life-history traits in supplemented populations. Here, we investigated yearto-year changes from 1989 to 2009 in genetic admixture at 15 microsatellite loci and in phenotypic traits in an Atlantic salmon (Salmo salar) population stocked during the first decade of this period with two genetically and phenotypically distinct source populations. We detected a pattern of temporally increasing introgressive hybridization between the stocked population and both source populations. The proportion of fish returning to the river after a single winter at sea (versus several ones) was higher in fish assigned to the main source population than in local individuals. Moreover, during the first decade of the study, both single-sea-winter and multi-sea-winter (MSW) fish assigned to the main source population were smaller than local fish. During the second decade of the study, MSW fish defined as hybrids were lighter and smaller than fish from parental populations, suggesting outbreeding depression. Overall, this study suggests that supplementation with nonlocal individuals may alter not only the genetic diversity of wild populations but also life-history traits of adaptive significance.
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Introduction
The evolutionary impact of deliberate or unintentional introductions into wild populations of non-native and/or domesticated individuals is a growing concern for the management of endangered species [1] [2] [3] . The success of non-native species has been related to multiple introductions leading to high levels of genetic diversity in the invaded range [4] [5] [6] . Alternatively, the translocation of non-local individuals may threaten the local adaptation of native individuals [7] [8] [9] , notably via introgressive hybridization leading possibly to hybrid vigour (i.e. heterosis) but also often to lower performances of hybrids relative to parental lineages (i.e. outbreeding depression, e.g. [10, 11] ) (hereafter we refer to non-local individuals as individuals from the species' native range which do not originate from the population where they were released). Moreover, captive breeding may select, after only one generation, for maladaptive traits in the wild hence potentially affecting the fitness of wild populations [12 -14] . Therefore, it is crucial to document and understand the consequences of supplementation on the genetic makeup of populations but also on life-history traits of individuals to mitigate threats to wild populations and maximize their evolutionary potential over the long term [10, 15, 16] .
Numerous studies have recently used pre-and poststocking samples from supplemented populations together with samples from source populations or captivity to examine admixture at individual and population levels, especially in fish species for which archived samples are often available [16] [17] [18] . While the analysis of historical samples allowed assessment of the 'natural' genetic structure of wild populations prior to stocking operations, the analysis of postintroduction samples revealed variable loss of genetic integrity of target populations in terms of increased admixture [18] [19] [20] , reduced differentiation with donor stocks [21] or disruption of relationships between genetic structure and geographical distance [17] . However, even if such comparisons between preand post-stocking situations inform on the degree of admixture in stocked populations, they do not provide any information on the temporal dynamics of admixture or on the phenotypic consequences of stocking in recipient populations.
Many animal traits are partially under genetic control and morphological traits like length and weight have high heritability values [22] . In salmonid fishes, morphological variations including body length, weight or life-history differences have been potentially linked to local adaptation [8, 23, 24] . Moreover, selective pressures in a captive environment can differ from those encountered in the wild and may lead to differences in life-history traits among wild-born and captive-reared individuals [13, 15, 25, 26] . Therefore, stocked and wild individuals may harbour different fitness-related traits values, and consequently population admixture may alter phenotypic variation within the stocked population, although this has rarely been investigated ( [27] [28] [29] , but see [30] ). For example, anadromous fishes (i.e. species that reproduce in freshwater and grow to adult size at sea) reared in a hatchery may have different migration tactics [14] and body length [31] [32] [33] . Fine long-term monitoring of traits and population assignment of individuals could help examine such phenotypic effects of supplementation. This is particularly important in the case of migratory species like Atlantic salmon (Salmo salar) in which the phenology of migration can be affected by stocking and for which consequences of supplementations will be observed only when individuals return from their potentially long migration [31] [32] [33] . The life history of Atlantic salmon is also extremely variable among populations: individuals spend 1-4 four years in freshwater as juveniles and then migrate to sea where they stay for 1-5 years (single-sea-winter (SSW) and multi-sea-winter (MSW) fish, respectively) before returning to their natal river for spawning.
Here, we examine the dynamics of population admixture and changes in phenotypic traits over 21 years in a small wild Atlantic salmon population (Sélune River, France) stocked using juveniles from two genetically [18, 34] and phenotypically distinct populations. The main source population has been used from 1989 to 1994 and from 1996 to 1997, while the second one was used only in 1995. This unique configuration of stocking and record of individual phenotypic data allowed an analysis on a yearly basis of the evolution of genetically and phenotypically different groups of individuals sharing a common environment. We specifically tested whether: (i) a significant proportion of introduced fish survived and returned to the river, resulting in notable population admixture and in an erosion of genetic differences between sources and target populations few generations after the beginning of stocking, i.e. during the first decade of the study; (ii) introduced fish successfully reproduced together and with local fish, leading to notable proportions of fish assigned to stocking sources and defined as hybrids in generations following the end of stocking, i.e. during the second decade of the study; (iii) potential phenological or morphological differences among stocked and local individuals may persist beyond the first decade of the study; and (iv) individuals defined as hybrids between stocked and local individuals may present better or worse performances compared with parental populations, suggesting heterosis or outbreeding depression, respectively.
Material and methods (a) Study populations, stocking and sample collection
The Sélune River is among the four Atlantic salmon rivers opening out into the Mont Saint Michel Bay, in the northwest of France (electronic supplementary material, figure S1 ; [18] ). The salmon population from the Sélune River has been declining since the 1950s, partly as a result of local habitat degradation and the construction of two dams. In order to increase the population size and to support local recreational fishing activities, juvenile Atlantic salmons (young of the year) produced at the Favot hatchery (Brittany, France) were annually stocked in the Sélune from 1989 to 1997. Adult salmon originating from two rivers, the Aulne and Gave d'Oloron (Gave), were used as sources of progenitors. In total, 333 700 juveniles produced from Aulne progenitors were stocked in the Sélune from 1989 to 1994 and in 1996-1997, while 30 000 juveniles produced from Gave progenitors were released in 1995 only (figure 1a). Stocking was stopped in the Sélune after 1997 but it has been continued in the nearby Couesnon River (electronic supplementary material, table S1). Juveniles originating from Aulne were F 1 s (produced from wild parents), while those from Gave were F 2 s (produced from F 1 hatchery reared parents). These two populations are genetically differentiated from the Sélune, hence hatchery reared individuals and wild x hatchery hybrids can be identified and population genetic admixture can be estimated [35] .
A total of 907 fish caught by anglers were sampled from 1989 to 2009 (figure 1b; see also electronic supplementary material, table S2). The body length and weight of each fish was recorded by anglers who also sampled scales on their catches. Scales stored in paper envelops at INRA were used: (i) to determine the age of individuals and the number of winters at sea (i.e. sea age), and (ii) for genetic analyses. In the Sélune River, 720 fish were selected between 1989 and 2009 to include in the analysis a similar proportion of SSW (n ¼ 341) and MSW (n ¼ 379) individuals in each cohort. Fish were selected randomly within each sea age category. We chose this balanced sampling strategy regardless of the natural proportion of these life histories in the population in order to obtain sufficient sample sizes to accurately estimate the evolution of admixture and phenotypic traits for both life strategies. In addition, over the years 1989, 1998 and 2008, 91 fish from the Aulne River and 96 fish from Gave d'Oloron River were genotyped as a baseline for admixture estimates (figure 1b).
(b) Genetic analyses
Genomic DNA was extracted in a solution with 10 ml of proteinase K (10 mg ml 21 ), 10 ml of TE (TrisEDTA 1x) and 100ml of Chelex 100 sodium form (5%) incubated overnight at 568C, and then 15 min at 1008C [36] . The DNA solution (10x) was used to genotype 15 microsatellite loci selected for the European SALSEA-Merge project [37] . A QIAGEN's Multiplex PCR Kit was used for PCR amplification according to manufacturer's recommendations, using an annealing temperature of 568C. Forward primers were labelled with one of the three different Applied Biosystems (ABI) fluorescent dyes of set D (6-FAM, HEX or NED), and primer pairs were distributed in three multiplex sets: (FAM-SSsp2210, FAM-Ssa202, HEX-SSspG7, HEX-SSsp2201, NED-SsaD144, NED-SsaD157), (FAM-SSsp2216, HEX-Ssa289, HEX-SSsp1605, NED-Ssa14, NED-Ssa171) and (FAM-SsaF43, HEX-Ssa197, NED-SsaD486, NED-SSsp3016). The loci were analysed on an ABI 3130 Genetic Analyzer (ABI) and scored with GENEMAPPER v. 3.7 software (ABI). The SsaD486 locus was used to identify and remove from the dataset putative brown trout (Salmo trutta) or F 1 hybrids among brown trout and Atlantic salmon, which could have been sampled unintentionally [38] . Statistical analyses were thereafter performed with the 14 microsatellites left.
(c) Statistical analyses of molecular data MICRO-CHECKER was used to detect possible null alleles and allelic drop-outs [39] . The null hypothesis of independence between loci was tested from statistical genotypic disequilibrium analysis with the software GENEPOP v. 3.4 [40] . All linkage disequilibrium tests were corrected for multiple comparison by applying a false discovery rate (FDR) [41] ( p.adjust of the statistical package R [42] ). Allele frequencies, the total and average number of alleles, observed (H O ) and expected (H E ) heterozygosities were estimated at the population level with GENETIX 4.05.2 [43] . Estimates of allelic richness (rarefaction size of 13 individuals), gene diversity, F IS (tested by permutation) and pairwise F ST were computed using FSTAT, v. 2.9.3 [44] .
(d) Admixture analyses
To assess the potential admixture at both population and individual levels, Bayesian clustering analyses were performed assuming an admixture model without using prior information on samples' origin as implemented in the software STRUCTURE 2.3.1 [45] . We tested from 1 to 6 genetic clusters (k) with 10 replicates for each k (burn-in period ¼ 50 000 steps, Markov chain Monte Carlo replicates ¼ 300 000 and estimation of 90% credible intervals). As previously found in [18] , k ¼ 3 was the best clustering solution based on L(K) and DK criteria [45, 46] delineating Sélune, Aulne and Gave populations. The average admixture of temporal samples was estimated over the 10 STRUCTURE replicates to investigate the impact of stocking at the population level. Individual membership values to each cluster (q) were averaged over the 10 replicates to: (i) visually inspect trends in individual admixture; (ii) classify individuals as belonging to one of four origins: Sélune, Gave, Aulne (q-value ! 0.75) and a 'admixed' category (q-values , 0.75); and (iii) compare admixture proportions between SSW and MSW individuals.
We examined temporal trends in admixture of the Aulne and Gave populations into the Sélune samples from 1989 to 2009 using b regressions with a log -log transformation and b distribution error. The evolution of admixture proportions was analysed for overall fish and separately among SSW and MSW individuals for each stocking source from the beginning of stocking until the end of the survey, that is from 1989 to 2009 for the Aulne population and from 1995 to 2009 for the Gave population. These analyses were performed with the betareg function of the betareg package in R ( [47] ).
(e) Statistical analyses of phenotypic data
The weight, body length and the proportion of MSW individuals were compared among the four origins (Aulne, Gave, Sélune and admixed) over the whole period studied but also during the periods 1992-2000 and 2001-2009 to detect a potential erosion of differences among origins through time. Linear mixed models with a Gaussian error distribution were used to analyse logtransformed weight and body length data, and a logistic mixed model was used to test for differences in proportions of MSW individuals using the lme4 package [48] in R. The condition factor of fish was also considered with similar linear mixed models performed using residuals from the regression: log(weight) log(body length (estimated coefficient ¼ 2.97, F 625 ¼ 3658.9, adjusted-R 2 ¼ 0.85, p , 0.001). A random cohort effect was included in all models and the significance of independent variables was tested with likelihood ratio tests. Multiple comparisons among groups were realized using the function pairwise.t.test for linear models and Fisher's exact tests for logistic models, with a FDR adjustment [41] as implemented in R. For each genetic origin and separately for SSW and MSW individuals, ANOVAs were performed on weight and body length data to test for differences between the two time periods 
Results (a) Genetic diversity within samples
Overall, 720 salmon from the Sélune River and 187 from Gave and Aulne rivers (n ¼ 96 and 91, respectively) were successfully genotyped at a minimum of 10 microsatellite loci. No genotypic disequilibrium was detected over all populations. MICRO-CHECKER analyses suggested the occurrence of null alleles in 18 out of 378 tests, yet they were not associated to specific samples or markers, and no evidence of large allelic drop-out or stuttering was found. Also, no significant departure from Hardy-Weinberg equilibrium was observed (electronic supplementary material, 
(c) Admixture
Individual admixture proportions are shown in figure 1 and electronic supplementary material, figure S2 , for every year and separately for SSW and MSW fish (electronic supplementary material, table S5). Salmon from the Sélune population were sorted into four categories: 471 were assigned to Sélune, 21 to Gave, 103 to Aulne and 125 were classified as admixed individuals ('admixed') (electronic supplementary material, table S6). The occurrence of individuals assigned to the Gave and Aulne populations was consistent with the timing of supplementation operations ( figure 1 and electronic  supplementary material, figure S2) . Overall, the admixture with the Aulne population increased significantly over time figure 2 ). The lowest and highest proportions of MSW fish were observed in the Aulne population (37%, significantly lower than Gave and Sélune populations) and in the Gave population (76%, significantly higher than the Aulne population), respectively, whereas fish assigned as admixed individuals had a proportion (50%) similar to that observed for the pure Sélune population. Body length and weight were significantly different among SSW and MSW individuals and among the four origins ( figure 3 ), yet no interaction Comparing phenotypic traits on fish captured in their native river (electronic supplementary material, figure S3) 
Discussion
This study based on a longitudinal time series of Atlantic salmon sampled over 21 years revealed several major impacts of supplementation with non-local individuals into a wild population. First, genetic admixture rose rapidly in the Sélune population during the first decade of the study and was accompanied by a diminution of the differentiation with both source populations. Second, stocked fish reproduced with local fish producing hybrids but they also mated together as revealed by the detection of individuals assigned to the Gave population up to 11 years after the introduction of this source population in the Sélune River. Third, phenotypic differences detected among the three populations using individuals collected in their native river were also (for most of them) found in fish caught in the Sélune River during the first decade of the study. Specifically, Aulne salmon showed a higher proportion of SSW fish and were smaller and lighter than the Sélune and Gave salmon. Interestingly, body length and weight differences disappeared in the second decade of the monitoring, which could be explained by an adaptive or plastic response to local environmental conditions. Admixed MSW salmon sampled in the second decade of the study were also lighter and smaller than values averaged over parental populations, which may suggest a pattern of outbreeding depression.
To our knowledge, this study represents the first continuous temporal survey showing the evolution of admixture patterns before, during and after the end of stocking operations. The admixture of Sélune samples with the two stocking sources was overall consistent with the timing and intensity of supplementation: it increased steeply over time with highest values following the first significant stocking events and then persisted beyond the end of supplementations. We also detected an increase of the proportion of hybrids after the end of stocking, suggesting a potentially high reproductive success and/or survival of stocked fish as well as hybridization events among stocked and native fish. However, given the potentially reduced reproductive success of stocked fish in the wild [13, 14, 49] , an effect of stocking was expected only in the short term. Immigration of fish stocked in nearby rivers may explain the persistence of admixture in the Sélune population as these rivers were stocked by similar source populations (electronic supplementary material, table S1). Importantly, a recent simulation study of the Sélune population suggested that stocked salmon in this system may have a 10-25 times lower survival than local individuals, hence the high levels of admixture observed are probably more linked to the high numbers of fish stocked than to a high survival of these individuals [18] .
Interestingly, the patterns of admixture turned out to be different depending on the source population and/or Table 1 . Results of logistic and linear mixed models testing the effect of origin (Aulne, Gave, Sélune and a admixed category) and period (1992 -2000 and 2001-2009 ) on age at sea (SSW or MSW individuals) (a) and the effects of the genetic origin, period and age at sea on the weight (b) and body length of fish (c) 20) . This reproduction among stocked fish in the wild may just be due to the relatively high number of Gave individuals on the Sélune spawning grounds in 1998 but it may also suggest some degree of premating reproductive isolation between the two populations. Various mechanisms may explain the preferential reproduction of Gave individuals together including behavioural or genetic cues (e.g. genes of the major histocompatibility complex, [50] ) as well as spatial or temporal isolation of spawners [20] . Post-zygotic isolation may have also occurred but it was probably weak as several admixed genotypes were detected (electronic supplementary material, figure S2 and table S6). Post-zygotic reproductive isolation has been described in various salmonid species through lower survival or body length of interpopulation hybrids (e.g. [28, 51, 52] ). The two source populations were phenotypically distinct from each other and also from the Sélune population. Only one of these differences persisted throughout the study period: the proportion of MSW individuals in fish assigned to the Gave population was higher than in individuals originating from the Aulne River Interestingly, the proportion of MSW salmon in the Gave River is also slightly higher than in the Aulne River: 0.19 and 0.13, respectively (and 0.17 for Sélune) [35] . The different proportions of MSW individuals observed for two decades in these populations introduced in a new environment may thus reflect intrinsic differences but dissimilarities in stocking practices may have also played a role. Fish released from the Aulne in the Sélune were F 1 s produced from a wild broodstock changed every year (for 8 years), while individuals from Gave were F 2 s from a captive F 1 broodstock. Several studies showed a dramatic decline of the MSW proportion [14, 31, 53, 54] in supplemented populations potentially owing to increased growth in the hatchery. However, the high number of MSW fish among Gave individuals is difficult to explain and may also be owing to a preferential (but not documented) use of MSW progenitors in the hatchery as the number of winter at sea could be partially genetically determined in Atlantic salmon [33, 55] .
Regarding other traits such as weight and body length, differences were also detected among genetic origins but only during the first decade of study: SSW Aulne fish captured in the Sélune were smaller and lighter than local individuals. Interestingly, Aulne salmon from the second period were larger than those measured during the first period, while no difference in weight or body length of Sélune individuals was observed between the two periods. Analyses of fish caught in their river of origin showed that SSW Aulne individuals were lighter and of similar body length than those from the Sélune for the two periods considered. Altogether these observations suggest that the increase in body length of only SSW Aulne individuals during the whole period in the Sélune may be due to selection for a body length similar to local individuals or to different reactions norms between genetic origins following some environmental changes (i.e. gene x environment interactions). A pure environmental effect would have probably altered the body length of fish of each genetic origin but further investigations would be necessary to demonstrate whether this change was adaptive, plastic or due to environmental variations.
Aulne MSW individuals caught in the Sélune during the 1992-2000 period were also lighter than local individuals but this difference did not persist during the 2001-2009 period. This pattern seems linked to a decrease in weight of MSW Sélune but a lack of significant difference between Aulne temporal samples may also be due to low sample sizes. Interestingly, a diminution of weight has also been observed in MSW salmon of several Scottish rivers from 1995 to 2006 [56], hence environmental changes at sea may be involved in the changes in weight of MSW Sélune individuals.
Importantly, the only significant phenotypic differences among genetic origins during the 2001-2009 period were the smaller body length and weight of MSW admixed individuals compared with local Sélune fish. These admixed individuals were also shown to be lighter and smaller than the mean values calculated over parental populations. These results may suggest some outbreeding depression, a hypothesis that would require an experimental approach to be validated. Outbreeding depression has been frequently described in numerous taxa [10] including salmonids ( [27, 28, 51, 57, 58] , review in [29] ).
Overall, this temporal study highlights an important and rapid loss of local genetic integrity resulting from introgressive hybridization with non-local stocked individuals. This pattern of neutral genetic admixture persisted far beyond the end of supplementation operations. It is also possible that non-neutral genetic variation was introgressed into the native gene pool [7, 59, 60] which may alter local adaptation within an already small and threatened wild population and ultimately fail to contain its demographic decline [12, 61] . Alternatively, this genetic admixture may have potential (and unnoticed) beneficial effects for the fitness of wild populations as often reported in non-native species for which multiple introductions of different lineages strongly contribute to their success in the invaded range [4] [5] [6] 62, 63] . The differences observed in life traits also suggested that supplementation programmes should carefully consider potential mechanisms leading to deviations from the life traits observed in the wild stocked populations. In particular, non-random sampling or artificial breeding can cause unintentional selection on particular traits. Accordingly, phenological differences (i.e. age at sea) of stocked adults depending on source populations observed in this study could have important consequences on the fitness of wild populations [64] . Differences in body length and weight between these individuals and local fish were also detected suggesting potential important impacts on the phenotypic variation of the local population. Lower body length and weight of fish originating from interbreeding between native and stocked individuals further indicate potential negative effects on the long-term viability of the local population. These results thus contrast with the prevailing view that translocations mainly bring positive effects to endangered populations including higher genetic diversity and possible 'genetic rescue' in small populations [9, 61] . These potential negative impacts thus suggest that translocations of individuals should be cautiously considered for the conservation management of endangered rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142765 populations and their consequences should be monitored in the long term to be fully appreciated.
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